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Edited by Sandro SonninoAbstract Ion-channel activity of a series of gramicidin A ana-
logues carrying charged amino-acid sequences on the C-terminus
of the peptide was studied on planar bilayer lipid membranes and
liposomes. It was found that the analogue with the positively
charged sequence GSGRRRRSQS forms classical cationic pores
at low concentrations and large unselective pores at high concen-
trations. The peptide was predominantly in the right-handed b6.3-
helical conformation in liposomes as shown by circular dichroism
spectroscopy. The single-channel conductance of the large pore
was estimated to be 320 pS in 100 mM choline chloride as judged
from the ﬂuctuation analysis of the multi-channel current. The
analogue with the negatively charged sequence GSGEEEESQS
exhibited solely classical cationic channel activity. The ability of
a peptide to form diﬀerent type of channels can be used in the
search for broad-spectrum antibiotics.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Macromolecules1. Introduction
During recent years much attention was attracted to interac-
tion of peptides with lipid membranes, in particular, to the
pore-forming activity of a great variety of peptides. Based on
the results of numerous studies, at least ﬁve types of pore struc-
tures were proposed: (i) rigid intramolecular tubes formed by
head-to-head dimerization of gramicidin A (gA) [1], (ii) intra-
molecular pores resulting from stacking together of cyclic pep-
tides [2], (iii) intermolecular ‘‘barrel-stave’’ pores formed by
bundles of a-helical rods of alamethicin [3], (iv) porin-like
high-conductance intermolecular pores with a b-barrel struc-
ture [4], (v) intermolecular peptide–lipidic pores with poreAbbreviations: BLM, bilayer lipid membrane; gA, gramicidin A;
CD, circular dichroism; CF, carboxyﬂuorescein; DPhPC, di-
phytanoylphosphatidylcholine; DOPC, dioleoylphosphatidylcholine;
DPhPG, diphytanoylphosphatidylglycerol
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[5–7]. The latter type is generally accepted now for positively
charged amphipatic peptides like magainin [8], being of inter-
est as a promising group of new antibiotics.
It is unclear whether some peptide can form pores of diﬀer-
ent structure. In the present work, we addressed this question
by studying activity of gA derivatives. It was found that the
gramicidin analogue with the positively charged amino acid se-
quence, e.g., GSGRRRRSQS, attached to the C-terminus
forms classical potassium ion selective pores at low concentra-
tions and large unselective pores at high concentrations.2. Materials and methods
Peptides were prepared by standard solid-phase Na-Fmoc method-
ology on Rink amide resin [4(2 0,4 0-dimethoxyphenyl-Fmoc-amino-
methyl)-phenoxy resin] using the diisopropylcarbodiimide/
1-hydroxybenzotriazole coupling system. N-terminal formylation and
N-terminal acetylation of peptides were conducted in the presence of
N-ethyldiisopropylamine using 2-nitrophenyl formate and acetic anhy-
dride, respectively. The peptide resins were treated with triﬂuoroacetic
acid–ethandithiol–water (94:3:3) for 2.5 h. HPLC-puriﬁcation of the
samples gave pure peptides. The ﬁdelity of the peptides was conﬁrmed
by MALDI-TOF MS.
Planar bilayer lipid membranes (BLMs) were formed from a 2% solu-
tion of diphytanoylphosphatidylcholine (DPhPC, Avanti Polar Lipids,
Alabaster, AL) in n-decane (Merck, Darmstadt, Germany) by the brush
technique on a hole in a Teﬂon partition separating two compartments
of a cell containing aqueous buﬀer solutions. A cell with a 0.15-mm
diameter hole was used in single-channel experiments, and one with a
0.55-mm diameter hole was used in multi-channel experiments. The
bathing solution used was 1 M KCl (or 0.1 M KCl), 10 mM Tris,
10 mM MES, and 10 mM b-alanine, pH 7.0. The electrical current (I)
was measured with an ampliﬁer (U5-11, Moscow, Russia), digitized
by a LabPC 1200 (National Instruments, Austin, TX) and analyzed
using a personal computer with the help of WinWCP Strathclyde Elec-
trophysiology Software designed by J. Dempster (University of Strath-
clyde, UK). A voltage of 30 mV (unless otherwise stated) was applied to
BLM with Ag–AgCl electrodes placed directly into the cell. In single-
channel experiments, a patch-clamp ampliﬁer (model BC-525C,Warner
Instruments, Hamden, CT) was used for current measurements.
Dye-loaded liposomes were prepared as described previously [9] by
using an Avanti Mini-Extruder. The unbound carboxyﬂuorescein
(CF) was then removed by passage through a Sephadex G-50 coarse
column with a buﬀer solution containing 10 mM b-alanine, 0.12 M
KCl, pH 4.0. Liposomes for circular dichroism (CD) spectroscopy
were prepared as described in [10] except for the addition of 30% diph-
ytanoylphosphatidylglycerol (DPhPG) to lipid solution used for the
preparation DPhPC liposomes. CD spectra were measured at a pep-
tide/lipid mole ratio of 1/40. Heat incubation was carried out at
68 C for 8 h under argon.blished by Elsevier B.V. All rights reserved.
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(Tokyo, Japan) ﬂuorimeter with peak excitation and emission wave-
lengths of 490 and 520 nm (band-pass of both beams, 5 nm). The
extent of the CF leakage (a) was calculated as follows: a
(%) = (Ff  F0)/(F100  F0), where F0 and Ff represent the initial and
the ﬁnal (steady-state) levels of ﬂuorescence before and after the pro-
tein addition, and F100 is the ﬂuorescence value after complete disrup-
tion of liposomes by addition of the detergent, LDAO
(lauryldimethylamine-N-oxide, ﬁnal concentration, 2.4% w/w). The
buﬀer solution 100 mM KCl, 10 mM Tris, and 10 mM MES, pH 7,
was used for the CF leakage studies.
The diﬀusion electrical potential on the liposome membranes was as-
sayed using the potential-sensitive ﬂuorescent dye safranine O (Al-
drich), as described in [11]. Unilamellar lipid vesicles from egg yolk
phosphatidylcholine (Avanti Polar Lipids) were prepared as described
above in the solution of 200 mM KCl, 5 mM phosphate buﬀer, pH 7.0.
10 ll of this solution containing 0.2 mg liposomes was added to 1 ml of
a solution of 340 mM sucrose, 10 mM Tris, and 10 mM MES, pH 7.0,
containing 1 lM safranine O. The ﬂuorescence emission of safranine O
was monitored at 581 nm (excitation at 521 nm, 5-nm slits).
CD spectra were recorded at 20C with the Jasco 500 C dichrograph
in demountable cells (Hellma) with 102 cm optical path length. The
spectra reported are the average of two or three scans. The spectrum
of the appropriate suspension of liposomes without peptides was used
as the baseline. Computer analysis of the CD spectra was made as de-
scribed previously [10,12].3. Results
It is known that an ion-conducting pore formed by gA in li-
pid membranes has the diameter of 4 A˚ [13,14], thus being
impermeable for such bulky molecules as CF. In contrast to
gA, the peptide P1C (gramicidin-GSGRRRRSQS-COOH) ap-
peared to induce the leakage from CF-loaded liposomes
(Fig. 1, compare curves 1 and 2). This eﬀect took place at
1 lM of the peptide, but not at 0.01 lM. When only the C-
terminal sequence (GSGRRRRSQS-COOH) was added to lip-
osomes instead of the whole P1C peptide, no dye leakage was
observed (curve 3, Fig. 1). The dose dependence of the P1C ef-
fect is shown in the inset to Fig. 1. The addition of the P1C
peptide neither altered the liposome size, as judged by mea-Fig. 1. The CF leakage (a denotes the extent of the leakage) from
liposomes induced by P1C. P1C, 2 lg/ml, was added at the moment
marked by an arrow. Curves 2 and 3 represent control responses of the
CF ﬂuorescence observed after the additions of gA and the peptide
GSGRRRRSQS (the C-terminus sequence of the P1C peptide),
respectively, at the same concentration as P1C. Inset shows the
dependence of a on the P1C concentration.surements with Malvern Autosizer IIc, nor induced destabili-
zation of planar BLM even at high concentration (exceeding
10 lM). All of these data allow us to suggest that the P1C pep-
tide does not cause membrane destruction, but induces the for-
mation of large-diameter pores that are permeable to CF.
Table 1 summarizes the data on the CF leakage from lipo-
somes induced by gA and its diﬀerent derivatives. It is seen
that of the peptides tested all those having a positively charged
sequence at the C-terminus eﬃciently induced the CF leakage.
There was no marked diﬀerence in the activity between pep-
tides containing lysine or arginine residues (compare the data
obtained for P2C and P3C with those for P1C). The positively
charged peptide acetylated at the N-terminus (P5C) also ap-
peared to be a potent inducer of the CF leakage, although it
is known that N-acetyl gramicidin is about two orders of
magnitude less eﬃcient than gA in formation of potassium-
conducting channels [15,16]. In agreement with the literature
data, our measurements showed that to obtain similar levels
of the K+ conductance of the planar BLM we had to add
the two-orders of magnitude larger amount of P5C as com-
pared to P3C (Table 1).
It is important to note that the negatively charged analogue
of P1C having four glutamine residues instead of arginine res-
idues (N1C) was ineﬃcient in promoting the CF leakage from
liposomes, though it induced potassium conductance of planar
BLM (Table 1).
In further experiments we compared the potassium ﬂuxes
across lipid bilayer membranes induced by gA and its posi-
tively and negatively charged derivatives by monitoring mem-
brane potential with the potential-sensitive ﬂuorescent dye
safranine O [11,17]. As seen from curve 1 in Fig. 2A, no ﬂuo-
rescence change was observed after the addition of gA to K+-
loaded liposomes in the absence of K+ gradient across the
membrane. Curve 2 shows that the addition of gA to K+-
loaded liposomes placed into the K+-free buﬀer containing iso-
tonic sucrose led to an increase in safranine ﬂuorescence due to
the development of K+ diﬀusion potential across the liposome
membrane. The similar result was obtained with the negatively
charged analogue N1C (curve 3). By contrast, the addition of
P1C did not provoke an increase, but led to some decrease in
safranine ﬂuorescence (curve 4), which could be explained by
the existence of small diﬀusion potential provided by passive
K+ leakage through the membrane. Thus it can be concluded
that large pores formed by P1C are unselective.Table 1
The CF leakage from liposomes (values of the extent of the leakage, a,
measured 100 s after the peptide addition are presented) induced by
diﬀerent peptides and their potency to induce the potassium current
across a planar BLM (presented as the concentration which induced
the conductance of 0.01 X1 cm2)
Peptide a
(%)
Concentra-
tion (ng/ml)
P1C: gramicidin-GSGRRRRSQS-COOH 85 30
P3C: gramicidin-GSGPKKKRKVG-CONH2 95 10
P2C: gramicidin-GSGPKKKRKVC-CONH2 90 15
P4C: gramicidin-(bA)-GSGPKKKRKVC-CONH2 65 60
P5C: Ac-gramicidin-(bA)-GSGPKKKRKVG-CONH2 50 1000
N1C: gramicidin-GSGEEEESQS-COOH 5 10
gA: gramicidin A 3 2
Peptide concentration in column 2 was 2 lg/ml. For other conditions,
see Section 2.
Fig. 2. Eﬀect of diﬀerent peptides on the membrane potential of K+-
loaded liposomes measured by the ﬂuorescence of safranine O. (A)
Curve 1 is the control response of the safranine ﬂuorescence to the
addition of 1 lM gA in the absence of K+ gradient on the liposome
membrane (the addition of liposomes is marked by the upward arrow).
Curves 2–4 are recorded in the presence of K+ gradient on the
membrane as described in Section 2. Curves 2–4 show the responses of
the safranine ﬂuorescence to the additions of gA, N1C and P1C,
respectively, at a concentration of 1 lM. (B) Eﬀect of diﬀerent
concentrations of P1C and gA on the membrane potential of K+-
loaded liposomes monitored by the safranine ﬂuorescence. Inset: the
concentration dependences of the ﬂuorescence signal for P1C and gA.
Fig. 3. (A) Single-channel recording of P1C (left) and the correspond-
ing current histogram (right). BLM was formed from DPhPC/decane,
the bathing solution was 1 M KCl, 10 mM Tris, and 10 mM MES, pH
7, V = 100 mV. (B) Fluctuations of the electrical current across the
planar BLM induced by P1C in the bathing solution of 100 mM
choline chloride, V = 32 mV. Grey line is the control in the bathing
solution of 100 mM KCl. The buﬀers contained also 10 mM Tris,
10 mM MES, pH 7. I0 = 100 nA.
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duced by the additions of increasing concentrations of peptides
in the presence of K+ gradient across the membrane (Fig. 2B),
it is seen that the addition of P1C at a concentration of
0.01 lM caused a ﬂuorescence increase (grey curve) similar
to that observed with gA (black curve). Thus at low concentra-
tion, P1C induced K+-selective conductance providing the
establishment of K+ diﬀusion potential across the membrane.
However, when added at high concentration (1 lM), P1C
brought about a decrease in safranine ﬂuorescence even in
the presence of 1 lM gA. This result shows that at high
concentration, P1C forms so large unselective pores that the
contribution of gA-induced K+ conductance to the overallmembrane conductance becomes negligible. The inset to
Fig. 2B illustrates the dependences of the steady-state level
of safranine ﬂuorescence on the concentration of added pep-
tides for gA (curve 1) and P1C (curve 2). In both cases the ﬂuo-
rescence peaked at a concentration of 0.1 lM, with maximum
values being rather close for the two peptides. However, only
with P1C the ﬂuorescence level decreased dramatically upon
increasing the concentration of the peptide above 0.1 lM.
From the above data it can be concluded that the concentra-
tions of P1C needed to form K+-selective and large unselective
pores diﬀer by at least one order of magnitude.
Single-channel recordings made at a very low concentration
(0.0001 lM) of P1C in 1 M KCl revealed channel openings
with parameters close to those of gA (Fig. 3A). There was
noticeable scatter in the values of the single-channel conduc-
tance (the mean value was equal to 16 pS), which could be as-
cribed to temporal blockage of ion access to the channel
entrance by the C-terminal sequence attached to gramicidin,
as observed in [18] for TEA-gramicidin. Unfortunately, it ap-
peared to be impossible to perform single-channel measure-
ments of P1C in the K+-free buﬀer containing choline
chloride. Upon increasing the concentration of P1C under
these conditions, the peptide-induced conductance grew mono-
tonically, which could be due to the presence of trace amounts
of potassium and sodium ions in the bathing solution. This
Fig. 4. (A) CD spectra of P1C in DOPC liposomes before (a) and after
(b) heat incubation and in DPhPC liposomes (c) before incubation.
(B) CD spectra of gA in DOPC (d) and DPhPC (e) liposomes after
heat incubation.
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channel transitions corresponding to large channels.
In ion-selectivity measurements performed at 0.01 lM P1C,
the zero-current potential was equal to 17.3 mV in the presence
of a twofold gradient of KCl (100 mM KCl and 200 mM KCl
on the cis, trans sides), thereby showing the perfect selectivity
of planar BLM for potassium ions under these conditions. Be-
cause of the high conductance of planar BLM induced by
1 lM P1C, it was impossible to measure ion selectivity at high
concentrations of the peptide, since these measurements re-
quire the membrane resistance to be much higher than the
resistance of electrodes.
To estimate the size of unselective pores, we measured the
ﬂuctuations of the current induced by P1C across planar
BLM. When the buﬀer in the bathing solution was K+-free
and contained choline chloride, known to be impermeant for
gA channels [19], the addition of P1C at a high concentration
(1 lM) induced the current across planar BLM characterized
by large ﬂuctuations (Fig. 3B, black curve). When the buﬀer
contained 100 mM KCl, the addition of P1C at a low concen-
tration (0.01 lM) induced the current of the similar value but
with small ﬂuctuations (grey curve), the amplitude of which
was close to that of the noise of the ampliﬁer.
In view of the marked diﬀerence in the pore-forming behav-
ior of P1C and gA, it was of importance to compare their
membrane structure in lipid bilayers. We measured CD spectra
of P1C (Fig. 4A) and gA (Fig. 4B) in dioleoylphosphatidylch-
oline (DOPC) and DPhPC liposomes in the course of heat
incubation. The spectrum of P1C in DOPC did not change sig-
niﬁcantly after heat incubation and was similar to that of gA.
The CD spectra of gA in DPhPC and in DOPC were fairly
similar and agreed with those for gA in DOPC published ear-
lier [20]. These spectra correspond to the typical single-
stranded b6.3-helical conformation of the peptide [21]. It
should be mentioned that CD spectra of gA in DPhPC were
not published before. Unfortunately, heat incubation of
DPhPC liposomes with P1C appeared to be impossible due
to liposome instability, and the CD spectrum of these lipo-
somes was distorted by light scattering.
The conformation of gA in lipid bilayer is considered to be
an equilibrium distribution between b5.6 double helix and b6.3-
helical dimer, which varies as a function of membrane compo-
sition [10,12,22–24]. Computer analysis of the CD spectra
revealed that b6.3-helices predominate both for the hydropho-
bic part of P1C and gA. The positively charged C-terminal
sequence did not contribute to the CD spectrum of P1C
suggesting that this part of the peptide is in extended
conformation and does not form helical structure.4. Discussion
The data presented here have shown that attachment of a
positively charged group to the C-terminus of gA renders it
capable to form unselective pores large enough to be perme-
able for CF and choline. In contrast to the majority of known
pore-forming peptides, the positively charged gramicidin deriv-
atives do not destabilize BLMs. This indicates that the pores
are highly stable and do not distort the membrane structure.
According to our data, the high concentration (1 lM) of
P1C was required to induce the formation of unselective pores
in BLM, whereas K+-selective conductance was observed at bytwo orders of magnitude lower concentration of the peptide.
These observations may imply that the unselective pores are
formed as a result of peptide aggregation. The rather high po-
tency of P5C, the positively charged peptide acetylated at the
N-terminus, to form the unselective pores, as compared to
N-formylated peptides, shows that head-to-head dimerization
of the peptides being crucial for gramicidin channel formation
is not involved in the formation of unselective pores.
It is known that measurements of current ﬂuctuations under
multi-channel conditions enable one to estimate the single-
channel conductance [25] from the formula: K ¼ r2GhGi, provided
that channels are homogeneous and their open probability is
less than unity. Here K and ÆGæ are the single-channel and
the macroscopic membrane conductance, respectively, and r2
is a variance of the membrane conductance. From the data
of Fig. 3 we obtained the value of 320 pS for the single-channel
conductance of unselective channels at 100 mM choline chlo-
Fig. 5. Scheme of formation of cation-selective gramicidin channels (A) and non-selective channels formed by P1C and other cationic peptides (B).
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molecules through the pores. This follows, for example, from
the comparison with OmpF, which has the conductance of
about 300 pS at 100 mM KCl [26] and is permeable for up
to 1360-Da polymers [27].
Fig. 5 shows a scheme of the formation of selective chan-
nels (A) and large pores (B) by P1C and other positively
charged peptides. According to the CD data, the major con-
formation of the peptide was b6.3-helix, indicating that the
structural motives of selective channels (A) and large pores
(B) are similar. We assume that the large pore is formed
by an oligomer of peptides where the walls are lined by
the positively charged sequences starting from the C-termi-
nus of gramicidin, while hydrophobic amino acids of gram-
icidin are located far behind them. This structure is a
version of intermolecular ‘‘barrel-stave’’ pores formed by
bundles of a-helical rods of alamethicin, however, instead
of a-helices, it consists of bundles of b6.3-helices. It cannot
be excluded, however, that lipid head-groups are involved
in the structure of the pore walls, thus resembling the struc-
ture of the ‘‘toroidal’’ pore known for a number of antimi-
crobial peptides [28–32].
Summarizing it can be concluded that a peptide was elabo-
rated which is able to exhibit two diﬀerent types of channel
activity, namely: highly selective cationic channels and unselec-
tive large pores. Importantly, this peptide did not destabilize
the membrane even at very high concentrations. The iono-
phoric peptides are often used in medicine as antibiotic agents.
The ability of a peptide to form diﬀerent type of channels can
expand the spectrum of its antibacterial activity and therefore
can be of importance for practical purposes.Acknowledgment: This work was supported in part by a grant from the
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